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Abstract 
For DEMO and beyond liquid metal plasma facing components are considered due to their 
resilience to erosion through flowed replacement, potential for cooling beyond conduction and 
inherent immunity to many of the issues of neutron loading compared to solid materials. The 
development curve of liquid metals is behind that of e.g. tungsten however and tokamak-based 
research is currently somewhat limited in scope. Therefore investigation in linear plasma 
devices can provide faster progress under controlled and well-diagnosed conditions in 
assessing many of the issues surrounding the use of liquid metals. The linear plasma devices 
Magnum-PSI and Pilot-PSI are capable of producing DEMO relevant plasma fluxes which well 
replicate expected divertor conditions, and the exploration of physics issues for tin (Sn) and 
lithium (Li) such as vapour-shielding, erosion under high particle flux loading and overall 
power handing are reviewed here. A deeper understanding of erosion and deposition through 
this work indicates that stannane formation may play an important role in enhancing Sn 
erosion, while on the other hand the strong hydrogen isotope affinity reduces the evaporation 
rate and sputtering yields for Li. In combination with the strong re-deposition rates which have 
been observed under this type of high density plasma this implies an increase in the operational 
temperature range, implying a power handling range of 20-25 MW m-2 for Sn and up to 12.5 
MW m-2 for Li could be achieved. Vapour shielding may be expected to act as a self-protection 
mechanism in reducing the heat load to the substrate for off-normal events in the case of Sn, 
but may potentially be a continual mode of operation for Li. 
 
1. Introduction 
Economical electricity production via magnetic confinement fusion requires the successful 
development and deployment of both ITER [1][2] and DEMO [3]. The Eurofusion roadmap [4] 
identified that “a reliable solution to the problem of heat exhaust is probably the main challenge 
towards the realisation of magnetic confinement fusion”, while within that challenge the wall 
components in the divertor are the limiting factor which define the costs, lifetime and viability 
of the exhaust system. 
Given the choice of tungsten for the plasma facing material (PFM) in the ITER divertor, it is 
worth reviewing firstly the potential difficulties and concerns in using a similar divertor plasma 
facing component (PFC) design for DEMO as for ITER, and which therefore motivates the 
search for an alternative PFM.  
In going from ITER to DEMO two properties in particular increase by around an order of 
magnitude. The first is the fusion power generated, while the second is the neutron loading to 
the walls [5], as a consequence of the first, combined with the much higher duty cycle [6]. The 
higher fusion power implies that a much larger fraction of the stored energy must be radiated 
in the core [7], while ensuring the power crossing the separatrix lies above the H-L power 
2 
 
threshold [8], [9]. This in turn indicates a much smaller margin of error to avoid exceedingly 
high powers reaching the divertor which would quickly damage components. Furthermore the 
higher neutron loading implies a continual level of damage creation and transmutation [10] 
which makes resilience against neutron loading of increased importance.  
Tungsten has many advantages which have led to its selection for ITER, such as high melting 
point, high thermal conductivity, low solubility and retention of tritium, high strength and low 
sputtering rate [11]. Despite this latter point however a 5 mm thick W armour is not projected 
to have a lifetime of longer than 2 years in DEMO [12]. In other words the erosion rate sets a 
minimum thickness level for tungsten which then limits the heat load that can be conducted 
through the block to the cooling water.  
Secondly tungsten is a highly brittle material which is susceptible to thermal shock and fatigue 
[13]. This can arise both from transient loading such as ELMs, slow transients due to temporary 
re-attachment as well as cyclical loading should DEMO operate in pulsed mode as is currently 
expected [12]. Such cyclical loading can give rise to both so-called macro-cracking [14] as well 
as microcracks at the surface [13][15][16]. The evidence so far shows a progressive degradation 
of the material may be expected under cyclical loading [15][17], and that over long periods and 
large cycle numbers even initially benign transient loading may lead to deterioration of the 
material [18][19]. This therefore implies that large cycle number loading such as ELMs may 
have to be entirely eliminated in DEMO, which has implications for operating in H-mode, or 
that improvements in PFCs which could better tolerate transient loading must be achieved. 
Thirdly off-normal events such as vertical displacement events, disruptions [20] or unmitigated 
ELMs [21] would be expected to melt a tungsten divertor surface. This therefore leads to 
irreversible damage which may require replacement of the entire component. This would be 
costly and time consuming, reducing the competitiveness and reliability of any future fusion 
power plant.  
Lastly neutron loading will be at a much higher level in DEMO than in ITER, at an order of 1-
9 dpa per full power year in the divertor [5] compared to 0.7 dpa over the ITER divertor lifetime 
in the DT phase [22]. This will lead to defect creation as well as transmutation to rhenium and 
osmium [10], as well as hydrogen and helium generation which may be expected to reduce the 
thermal diffusivity [23] and increase hardness and DBTT as well as reduce the recrystallization 
threshold [24]. The result would be a progressive decrease in the operational temperature 
window and thus power handling capability over time, as well as increased susceptibility to 
cracking through increased brittleness.  
The use of a liquid metal (LM) as the PFM has several attractive properties which would be 
expected to ameliorate at least partially many of these concerns. In the case of erosion a molten 
material can resupply any eroded areas, eliminating this as a lifetime concern. This in turn 
permits a thinner component to be designed which could exhaust higher levels of power than a 
thicker W component. Power limits for Sn based PFCs of up to 20-25 MW m-2 have been 
estimated [25][26]. Secondly a liquid surface by its nature cannot crack, and potentially 
components could be designed which are better able to withstand transient loading in such a 
case. Under off-normal loading, on the one hand an initially molten material can be replaced, 
while furthermore vapour shielding through strong evaporation may be expected to help shield 
the surface and reduce the heat loading to the substrate [27]. Therefore in the case of accidental 
excessive heat loading the liquid PFC will act as a negative feedback mechanism on the plasma. 
A liquid metal based PFM may therefore be able to recover from such events without 
component replacement. Finally neutron loading cannot lead to defect creation in a liquid, while 
any transmuted products may be replaced by the influx of new material, preventing any gradual 
degradation in thermophysical properties. Thus, while the underlying substrate will be 
influenced by neutron loading, the plasma surface interaction is isolated from this effect. 
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Overall a LM based PFC may be a more forgiving component in tolerating power of similar or 
higher heat loads as well as off-normal and transient loading. As a final point, innovative 
designs involving liquid metals also offer the possibility of cooling beyond only conduction to 
a coolant, e.g. through evaporative cooling [28], vapour shielding [29], convection [30][31] or 
a combination [32]. This might greatly improve power handling capabilities, though such 
designs are typically at a conceptual level currently. 
The much greater body of knowledge on the performance of W PFCs, their higher level of 
technological maturity as well as the greater simplicity in using a solid tungsten surface 
compared to a liquid makes it the leading candidate for DEMO. At the present time liquid metal 
based PFCs still have many potential issues in terms of engineering design, operational safety 
limitations or other limits such as for fuel retention which must still be fully addressed. However 
if ITER’s results are unfavourable in extrapolating a W-based PFC to DEMO no substitute PFC 
option exists. It is therefore imperative to develop at least one LM based PFC design to a 
sufficiently advanced level in time to be considered for the design of DEMO as a viable 
alternative. Even beyond DEMO liquid metals may prove a more desirable and economical 
choice for PFC in fusion power plant and thus their development should be urgently pursued. 
In such an effort linear plasma devices can play a crucial role. Such machines are simpler to 
operate than tokamaks and give very good diagnostic access, while also being themselves 
simpler to diagnose. They also can offer much greater flexibility in exchanging test samples for 
basic physics studies as well as PFC prototypes in a way that is challenging in a tokamak 
environment. In the case of Magnum-PSI [33], [34] and Pilot-PSI [35], [36] these devices can 
also achieve plasma conditions and heat and particle fluxes which closely replicate the 
conditions expected close to the divertor strikepoints in ITER and DEMO, making them 
excellent test-beds in studying the performance of liquid metals under realistic loading 
conditions. These abilities are therefore complimentary to studies in confinement devices where 
the complex interaction between wall, edge and core plasma can be studied, for example in 
terms of material migration, core contamination and global fuel retention. This paper will 
provide an overview of recent work carried out in these linear plasma devices in studying liquid 
metals on the topics of erosion and power handling studies and show how these fit within the 
context of worldwide research on this topic. The discussion will also identify the areas where 
linear machines can make significant contributions in the near future to developing a mature 
LM based PFC for DEMO. 
 
2. Results and discussion 
 
2.1 Material selection and the Capillary Porous Structure concept 
For liquid metal candidates the main considerations are the melting and boiling points, their 
abundance and cost as well as their thermal conductivity and chemical compatibility with 
substrate materials and plasma constituents. The APEX studies identified Li or Sn-Li alloy, or 
a molten salt (FLIBE) [37] while more recently Sn, Ga and Al were proposed [25]. FLIBE has 
a very low thermal conductivity (1 W m-1 K-1) [37], Ga a high chemical reactivity with many 
potential substrates [38] and Al has a long lived reactivity [39] which makes these options less 
attractive. The work described here has mostly therefore concentrated on studying Li and Sn. 
Li has a low melting point (180.5 °C) and is low-Z, permitting a relatively high concentration 
in the core plasma (section 2.2). It is also well documented that improvements in plasma 
performance due to wall conditioning and Zeff reduction are observed with Li use in tokamaks 
[40][41][42][43]. However in DEMO where first wall temperatures are expected to be high [44] 
the wall pumping effect may be absent, so it is unclear if such benefits will extrapolate. 
Furthermore Li has a high affinity for H-isotopes and can form hydrides up to a 1:1 
4 
 
stoichometric ratio [45]. Therefore tritium retention is a concern which must be clearly dealt 
with to avoid this being a showstopper and appears to require a temperature above 500-550 °C 
to avoid gas phase absorption in the divertor [46]. Li also reacts with water effusively giving 
off H2 exothermally which can be a safety risk for water cooled systems. Lastly it has a 
relatively high vapour pressure [47] and therefore a relatively narrow temperature window for 
operation would be expected.  
For Sn its concerns are similar to W, in that it is a high-Z metal, and therefore only a small 
concentration in the plasma core is tolerable. Its sputtering and evaporation rates are higher than 
W so an improved power handling and life-time performance are desirable to be competitive. 
Little work on D retention has been carried out under plasma exposure but retention rates 
measured in ISTTOK indicate retention is very low [48]. The operational temperature window 
may also be expected to be wider for Sn than Li due to its lower vapour pressure [47] and 
similar melting point (231.9 °C).  
Sn-Li alloys have in recent times been more seriously reconsidered as potentially offering the 
best of both worlds, e.g. a ~103 lower evaporation pressure than pure Li [49], while segregation 
of Li to the surface would mean lower Sn sputtering than pure Sn [50]. The recent results at the 
ISTTOK tokamak also indicate a deuterium retention rate similar to Sn [48] but more research 
is required in the future on this material and it was not included in the present work. 
One significant challenge for the use of an electrically conductive liquid metal in an 
environment of high magnetic and electric fields is MHD forces which can destabilize the liquid 
surface. For a free surface such forces can lead to Rayleigh-Taylor or Kelvin-Helmholtz 
instabilities for example [51]–[53], potentially driving droplet formation which would lead to 
strong erosion and a disruption [54]. To prevent this a system of small pores such as a mesh or 
porous solid can be used such that the liquid is stabilized by surface tension when wetted to the 
substrate. Calculations and experiments show that pore sizes of <~50 µm are typically able to 
stabilize against such forces [26], [53]. The liquid surface is replenished by capillary flow 
through the pores as it is eroded, thus requiring typically only a small material flow. This 
capillary porous structure (CPS) concept [55] creates a simple and solid-like test target and was 




As with all wall materials impurity levels in the core plasma set limits on what net impurity 
flux from the divertor is acceptable to ensure fusion power output is not significantly affected. 
For Li fuel dilution would be the main limitation [57], while for Sn radiation losses through 
line radiation and Bremsstrahlung would be the limiting factor, similar to W [58]. The 
relationship between core impurity concentration and wall erosion rate is complex but an 
approximation is to relate the tolerable core impurity concentration 𝑓 = 𝑛𝑖𝑚𝑝/𝑛𝑒 to the 




     (1) 
where 𝑉 is the plasma volume, 〈𝑛𝑒〉 the average electron density, 𝐴𝑑𝑖𝑣 the divertor area and 𝜏𝑝 
the particle confinement time. Taking realistic numbers for DEMO [3][1] and tolerable 
fractions from [59] would give results of order for Li 〈Γ𝐿𝑖〉 ~ 1×10
21 m-2 s-1 and for Sn 〈Γ𝑆𝑛〉~ 
5×1018 m-2 s-1.  
Material erosion due to plasma exposure is generally considered as a combination of physical 
sputtering and evaporation. Many experiments have reported a temperature dependent 
sputtering phenomenon (so called Temperature Enhanced Sputtering or TES) for a variety of 
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plasma facing materials including C [60], Be and molten Li [61] and Ga [62], where erosion is 
observed to increase with temperature under sputtering by ions but at temperatures well below 
where evaporation is expected to be significant. For Sn only a limited data set previously existed 
[63], [64], and only using high energy (keV) ions, thus it was chosen to also study this for 
molten Sn confined using CPS under more relevant plasma exposure conditions using H, He or 
Ar plasmas in Pilot-PSI [65].  
 
Roth and Möller proposed a model [60] expanded by Doerner et al [61], [66] based on adatom 
formation at the surface due to sputtering, followed by sublimation of the adatoms. In such a 
case the particles are more weakly bound than the normal surface binding energy and so 
evaporation-like behaviour occurs at lower temperatures than would be expected. For Ar and 
He the results are comparable to those for other materials with an effective surface binding 
energy of Eeff = 1.22 eV and Eeff =1.50 eV respectively compared to ESBE = 3.08 eV for Sn [67]. 
Similar ratios are seen for D sputtering on  Be (Eeff = 2 eV compared to ESBE = 3.41 eV) and 
molten Li (Eeff = 1.1 eV compared to ESBE = 1.67 eV) [61] which indicates a similar process 
occurs in all cases. A different behaviour is observed however for H interaction with Sn, where 
an increasing signal is observed with temperature at much lower temperatures than in other 
cases [65]. Here the effective energy is only Eeff = 0.27 eV which indicates a different type of 
thermally activated process is likely responsible (Figure 1). We proposed that stannane (SnH4) 
formation may account for such an effect [65]. It is known [68] that gaseous tin hydrides can 
form in the presence of hydrogen radicals which would support this. On the other hand stannane 
thermally decomposes in gas phase above 25 °C [69] and quickly decomposes on a Sn surface 
at even lower temperatures [70], [71], which would imply that net erosion may be negligible if 
it quickly is redeposited. The implications for Sn use as a PFM however requires more 
systematic study to understand whether this chemical etching process is significant as a limiting 
factor in the use of Sn. It seems likely that at elevated temperatures evaporation would still 
dominate and so for power handling analysis this effect is neglected for now. 
 
For Li there is a strong affinity between H and Li to form a solid hydride, LiH, rather than a 
volatile compound [45]. Up to a 1:1 Li:D ratio was observed in PISCES-B for a 0.1g molten 
sample at 250-400 °C [72]. Both thick (~500 µm) and thin (<1 µm) Li coatings were exposed 
to Ne and D plasma in Magnum-PSI [73][74] to study erosion behaviour. This allowed 
observation of behaviour under high flux (>1024 m-2 s-1) and to high temperatures (up to 850 
Figure 1: Temperature dependence of the anomalous sputtering flux of Sn under Ar, He or H loading in Pilot-PSI (based on 
data from [65]). The Arrhenius-like behaviour is similar for Ar and He despite quite different erosion fluxes but is very different 
for H implying a different process is responsible for the erosion flux. 
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°C), in comparison to other work [75] [76] lower flux (<1022 m-2 s-1) and temperatures (<500 
°C). For Ne exposures a similar behaviour of anomalous erosion at temperatures below 
evaporation were observed spectroscopically, but for D the behaviour was significantly 
different, with erosion rates well below expectations even in the temperature range where 
Langmuir law [77] evaporation would be expected to be completely dominant. This is attributed 
firstly to a thinning of the thick Li coatings during the melting process, and secondly to the 
reduced erosion rate due the interaction of Li and D [78]. Modelling using TRIM.SP [79] 
indicates that sputtering can be reduced by a factor of 10-40 for a 50:50 Li:D composition in 
comparison to pure Li, while evaporation can also be strongly reduced due to the higher surface 
binding energy of LiD (2.26 eV) compared to Li (1.67 eV). The thinner lithium layers are more 
quickly converted fully to LiD. Combining these two processes can well model the observed 
results (Figure 2). As a result it can be expected that the upper operational temperature limit for 
Li dilution may be expected to increase significantly. It should be noted however that a 1:1 Li:D 
ratio at high temperatures is in disagreement with expectations from studies of molecular 
hydrogen interaction where only low concentrations are expected at divertor pressures [45], 
[46] so further study should be carried out to understand the behaviour differences between 
molecular and radical and ionic hydrogen isotope interaction. Furthermore for a flowing liquid 
surface it is uncertain whether such a fully saturated surface would be achieved. For now this 
effect, though likely beneficial in the sense of increasing the temperature range, is also 
neglected in modelling of power handling limits. 
One other area in which operational temperature window limits could be increased is through 
strong redeposition. At the divertor strikepoints in DEMO and ITER the electron density will 
be very high and the plasma will enter the strongly-coupled regime where collisional path 
lengths are short in comparison to the scale lengths of the plasma [80]. In this case a large 
fraction of recycled and eroded particles are expected to locally ionize and redeposit. Such 
plasma conditions are achieved in Pilot-PSI and Magnum-PSI, making them good test-beds in 
studying this process. One difficulty however is in determining in absolute terms the erosion 
Figure 2: Measured and calculated expected erosion yields for the case of pure Li (β=0) and incorporating the effect of the 
transformation of pure Li to LiD during the exposure, either with the original layer thickness of 500 µm or with the adjusted 
thickness of 25 µm due to melt motion. Reproduced from [78]. 
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rate in the plasma. In typically used spectroscopic methods a knowledge of plasma species 
temperature, electron densities and atomic process rate coefficients is typically needed, and for 
Sn such coefficients are not available in databases such as ADAS [81]. Therefore a cavity ring-
down spectroscopy system was installed at Pilot-PSI to study this directly [82]. This laser 
absorption technique gives an absolute plasma species population measurement by determining 
the decay time of a laser pulse trapped in a high-finesse optical cavity which the plasma passes 
through close to the target position. Biased Sn CPS targets were exposed to Ar plasma at fluxes 
1.6-2.7×1023 m-2 s-1 and temperatures up to 1150 °C, just below where evaporation should start 
to dominate erosion under those conditions. In comparing the observed amount of eroded 
particles to that expected from sputtering and evaporation around three orders of magnitude 
fewer Sn0 atoms were observed than would be expected from the model, even after accounting 
for experimental uncertainties and geometric losses. This can be accounted for by a combination 
of ion-neutral friction and ionization which leads to plasma entrainment in the flow towards the 
target surface and redeposition at the target. This implies a redeposition rate of 98-99.8% which 
would increase the operational temperature window to around 1250 °C in the regime where 
evaporation is dominant [25] (Figure 3). A similar behaviour would be expected for Li and 
would give an increase to around 700 °C. For Sn this increase is useful but not definitive but a 
similar effect could be of higher importance for the use of Li where the temperature window is 
otherwise much smaller given the requirement to operate at relatively high temperatures to 




2.3 Power handling and vapour shielding 
Ultimately one of the main questions for the use of liquid metals in a PFC is whether such a 
component is able to sustain a similar or greater heat-load than the baseline DEMO designs. To 
determine this requires an accurate understanding of the thermal properties of a CPS material, 
which is a mixture of at least two different component elements. Using a series of high heat 
flux He discharges in Pilot-PSI on a Sn-W CPS (40:60 volume ratio) it was demonstrated via 
comparison with finite element modelling that the thermal conductivity of the CPS could best 
be described using the rule of mixtures, i.e. 𝑘𝐶𝑃𝑆 = ∑ 𝑉𝑖𝑘𝑖𝑖  where 𝑉𝑖 and 𝑘𝑖 are the volume 
fraction and thermal conductivity of element i [26]. Using this description it was possible to use 
Figure 3: Evaporation rates of Li (solid) and Sn (dashed) showing the temperature limits determined from equation 1 with 
either a redeposition rate of zero (thin lines) or of 99.9% (thick lines). 
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finite element modelling to modify existing models of DEMO divertor PFCs [83] by adding a 
thin CPS layer to the surface. The heat load limits were computed via comparing the 
temperature limits for each part of the component, assigning evaporation limits for Sn as in 
[25], which is equivalent to a redeposition rate of ~90%. In the direct comparison where the top 
1 mm is replaced by a Sn-W CPS layer a slightly lower maximum heat load is achievable: 15 
MW m-2 compared to 18 MW m-2, but potentially other alterations such as thinning and 
shrinking the component due to a relaxation in the W-erosion thickness requirement would raise 
the operating limit to 20 MW m-2. Alternatively using a full CPS layer and replacing the CuCrZr 
pipe with a EUROFER pipe would still deliver 15 MW m-2 while being expected to strongly 
reduce stress in the component and reduce activation levels. Furthermore eliminating CuCrZr 
would be beneficial due to its inferior performance under neutron loading compared to 
EUROFER [84]. Clearly such designs, while based on detailed analysis for W-based 
components, require a much more complete evaluation. However they appear promising, and 
form a starting point for developing a full conceptual design for DEMO. 
 
The work previously described relied only on conduction based cooling. Unlike solid targets 
however, strong evaporation at elevated temperatures is intrinsically present for liquid targets. 
The interaction of the vapour with the plasma can absorb part of the incoming power, reducing 
Figure 4:(a) Temperature evolution of the Sn and Mo samples, showing the locking behaviour in the case of Sn. The modelled 
predictions using ANSYS are also shown assuming conduction cooling only. (b) maximum surface temperature reached at the 
end of the discharge where temperature equilibrium is reached in all cases, excepting the 5 second shot. Unlike for the expected 
behaviour of the Mo sample the Sn sample approaches a similar surface temperature in all cases. Reproduced from [97] 
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loading to the substrate. Such an effect has been predicted and modelled for disruptions [27] 
and studied in plasma guns [85] but for liquid metals had not previously been experimentally 
demonstrated. This was done using Sn-W CPS targets exposed to H and He plasmas to heat 
fluxes of 0.5-22 MW m-2 with deliberately poorly cooled targets [86]. Strikingly the surface 
temperature during the plasma discharge rises to a nearly fixed temperature (~1700-1900 °C), 
which is nearly constant across a very wide range of heat fluxes (Figure 4). This decoupling 
contrasts to the response of a Mo reference where the equilibrium temperature is proportional 
to the heat flux as would be expected from Fourier’s law. This behaviour can be explained 
through a combination of direct evaporation removing heat from the surface (up to 20%), direct 
radiation and ion-neutral friction. The combined effect was found to lead to electron 
temperatures <0.5 eV compared to 2-3 eV for the reference target, leading to an enhancement 
in recombination. This, in combination with charge exchange can lead to a mass and energy 
loss channel which further removes power from the plasma before it reaches the surface (Figure 
5). Overall a reduction of around one third in the power to the surface was found via cooling 
water calorimetry. As evaporation is a strong function of surface temperature it was postulated 
to act as a negative feedback system. It was found that the temperature locking takes place when 
the evaporative flux is approximately 1.6× that of the incoming particle flux over the range 
Γ=1-6.5×1024 m-2 s-1. At this balance point the energy losses due to the plasma interaction with 
the vapour are enough to reduce the heat load interacting with the surface to match the 
conduction cooling rate, preventing any additional temperature rise. Likewise any reduction in 
evaporation would lead to an increase in incoming heat loading which would raise the 
temperature and thus evaporation rate. It seems clear that a high density environment in the 
divertor is also required in this case such that many collisions and atomic processes take place 
locally and remove power from the strikepoint region. This type of regime is expected in 
DEMO. 
A more detailed examination of the phenomenon identified it as an oscillatory phenomenon 
[87] due to the difference in heating and cooling rates at the edge and centre of the plasma beam 
and the fast atomic and molecular processes in comparison with the slower cooling time and 
even slower heating time. At the beam centre the equilibrium point is reached rapidly while this 
Figure 5: A schematic illustration of the major atomic processes taking place during  vapour shielding and the loss channels 
which remove part of the heat before it reaches the LM surface. 
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occurs more slowly at the edge due to the lower heat load. Once the edge regions also approach 
the central temperature a critical particle density appears to be reached and a full detachment-
like state occurs where the entire surface rapidly cools while temporarily the vapour cloud 
remains extended. This is linked to reaching a low electron temperature where recombination 
leads to further temperature reduction in a positive feedback. Following this the surface cools 
relatively uniformly until the evaporative flux is lower. A  period of heating occurs where the 
plasma is temporarily reattached and electron temperatures are measured to briefly recover, and 
the cycle repeats. The timescale is set by the difference in cooling rates and heating rates which 
are much slower due to the near balance between incoming and removed heat loads. This 
phenomenon seems general for any high density and heat flux plasma as would be expected at 
the strikepoints and might therefore be expected in DEMO also.  
 
For Sn the vapour shielding effect occurs at temperatures which are beyond the long term 
material compatibility limits of potential substrates [88][89] and thus may not be generally 
applicable except in the case of off-normal loading where it could act as a self-protection 
mechanism. For Li however the vapour pressure is higher, and it was predicted [87] that a 
similar behaviour should be expected for surface temperatures around 700 °C. This was 
investigated using samples designed with a pre-filled reservoir of Li to resupply lost Li to the 
plasma facing surface. The details of the recent experiments will be described in a forthcoming 
publication, but a photo of the sample design is shown in Figure 6(a). A temperature trace of 
the He plasma exposure of a filled target and an empty one with no Li present are shown in  
Figure 6(b). A similar temperature locking behaviour is observed which indicates that the 
vapour shielding effect is also present. The temperature locking also occurs at a temperature of 
~700-900 °C, in agreement with the predictions of [87]. 
Figure 6: (a) photo of the target used for Li vapour shielding experiments prior to Li filling and closure. The sample was 
constructed from Mo plates held together with bolts. A textured surface to act as a CPS system and wicking channels were cut 
using EDM. (b) Temperature response of the Li filled sample at the beam spot centre compared to the temperature response 






All previous work relied upon the CPS system for capillary restraint of the liquid. This removed 
any capacity for convective cooling. One more complex design which incorporates liquid flow 
is the Liquid Metal Infused Trench (LiMIT) concept [30]. This concept uses thin trenches to 
confine the liquid metal using surface tension, while driving flow along the trenches using the 
thermoelectric magnetohydrodynamic force [90], [91] that arises due to the combination of a 
thermoelectric current due to the thermal gradient between top and bottom of the trench and the 
magnetic field component orthogonal to the thermal gradient and trench direction. This 
produces a flow driven by and proportional to the plasma heat flux which can convect part of 
the heat load away from the strikepoint area. This concept had previously been tested in the 
laboratory using electron beam loading [30], [92] and in the tokamak HT-7 [93], and a test 
module was constructed and tested in Magnum-PSI under high heat and plasma flux loading 
(Figure 7a). The channels of the module were filled in-situ with a Li injection needle [94] and 
could flow along the trenches which surrounded the cooling channels on all sides. Amongst 
other things, the temperature response at the plasma beam centre was monitored and compared 
to a 3D time-dependent heat transfer simulation of the trench using FLUENT [95]. This clearly 
demonstrated that the induced flow lead to a significant reduction in the peak temperature due 
Figure 7: (a) Photograph of the LiMIT test module with important parts labelled prior to exposure in Magnum-PSI. The module 
is constructed of stainless steel with air cooling channels in the centre. A heater at the backside ensures the module stayed 
above the Li melting temperature. (b) the temperature response of the lithium at the centre of the plasma beam for two different 
inclination angles under different parallel heat loads (points). The dashed lines indicate the modelled response for the case of 
conduction only while the solid lines are the modelled predicted temperature response where convection is also included. 
Figures taken from [98]. 
12 
 
to the contribution of convection in redistributing the heat to other parts of the module (Figure 
7b). If such a flowing system could be incorporated into a LM PFC it could aid in minimizing 
the peak surface temperature at the divertor strikepoints, which could be significant in 
optimizing performance and the maximum heat load, which is likely to be most strongly linked 
to evaporation limits. 
 
3. Conclusion 
The use of linear devices Magnum-PSI and Pilot-PSI have been shown to give significant 
insight into determining the future performance of liquid metals as a PFM for a future fusion 
power plant. In defining an operational range for these materials in terms of maximum power 
density it seems clear that this is likely to be defined by the maximum tolerable impurity content 
and thus indirectly by the net erosion rate and thus temperature range in the case that 
evaporation is dominant.  We should assess separately at this point the case for Sn and for Li. 
For a Sn based CPS-type design 20 MW m-2 seems feasible employing only conduction with a 
thin CPS layer on top of a thin W water cooled component [26]. It should be noted that in that 
case the upper power handling limit was due to the temperature limit of the CuCrZr pipe 
compared rather than the temperature limit for evaporation (taken as 1000 °C, i.e. assuming a 
90% redeposition rate for Sn). It may be feasible to design components where Sn evaporation 
is the limiting factor, especially given there are very large uncertainties in the tolerable erosion 
flux. In this case a high redeposition rate as measured in [82] and as would be expected in the 
highly dense partially detached divertor conditions in DEMO would be able to increase the 
operational temperature range and the power handling by as much as an additional 5 MW m-2 
[26]. Erosion by stannane production may be of concern as an additional source of Sn and little 
is known about its behaviour under fusion-relevant conditions. Currently it is assumed not to 
be the critical limit for power handling as evaporation is expected to dominate. Vapour 
shielding would not be expected to play a significant role for a Sn based component under 
normal operating conditions due to the high required temperature. However in the case of off-
normal heat loading such temperatures could be reached and dissipate significant power, 
protecting the underlying substrate from permanent damage. In particular this would be 
beneficial in permitting some ELMs and in enabling resumption of operation without 
maintenance after a disruption for example [96]. 
For Li the evaporation pressure is much higher than Sn, and therefore despite their similar 
melting points the limit where the evaporation rate is too high is reached at much lower 
temperatures. Extrapolating from [26] and assuming a similar 𝑘𝐶𝑃𝑆 for the combination W and 
Li as for W and Sn gives an approximate power handling capability of around 7.5 MW m-2. 
However, this neglects the strong interaction between Li and D which reduces the erosion rate 
and thus in combination with a high redeposition rate could increase the maximum tolerable 
surface temperature to above 700 °C assuming the limits given in section 2.2. This brings the 
power handling limit to around 12.5 MW m-2 optimistically. This also raises the temperature 
limit to that expected for vapour shielding to be effective based on the initial results presented 
here. In such a case the temperature locking effect would be expected to hold the temperature 
at this point as the power is increased, avoiding excessive dilution of the core plasma by 
evaporation. Finally if a convective system could be further developed for either Li or Sn, for 
example employing the principles explored using the LiMIT system in section 2.3, higher 
power loading could be tolerated by additionally removing heat from the strikepoint region, but 
it should be noted that is far from practical realization. 
Overall the results are promising for the development of a liquid metal CPS. However, many 
questions remain that should be addressed. Generally the concept requires a much firmer 
engineering basis, incorporating the entire LM cycle of replenishment, the detailed plasma 
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facing unit design including cooling and compatibility of substrate materials, as well as the 
influence of metal vapour on vacuum systems. Generally more work is needed on performance 
under transient loading, which is not addressed here, particularly the vapour shielding and 
surface replenishment rate. For Li ensuring temperatures everywhere are above the temperature 
limit for gas phase absorption of T would be a strong challenge, as well as how to cool the 
substrate if safety restrictions would prevent water cooling for Li due to its strong reactivity. 
For Sn more studies should be made as to the production and decomposition of stannane under 
fusion reactor conditions. For both modelling and tokamak experiments should identify in more 
detail the baffling, pumping and erosion requirements in limiting core impurity accumulation 
to manageable levels. 
Despite this list of areas where more research is required, it should be noted that significant 
progress has been made through the use of liquid metals for future PFCs. In conclusion it seems 
promising that liquid-metal based PFCs can extend the lifetime of the divertor and can 
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